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Abstract —The main limitation of visible light communication 
(VLC) is the narrow modulation bandwidth, which reduces 
the achievable data rates. In this paper, we apply the non- 
orthogonal multiple access (NOMA) scheme to enhance the 
achievable throughput in high-rate VLC downlink networks. We 
first propose a novel gain ratio power allocation (GRPA) strategy 
that takes into account the users’ channel conditions to ensure 
efficient and fair power allocation. Our results indicate that 
GRPA significantly enhances system performance compared to 
the static power allocation. We also study the effect of tuning the 
transmission angles of the light emitting diodes (LEDs) and the 
field of views (FOVs) of the receivers, and demonstrate that these 
parameters can offer new degrees of freedom to boost NOMA 
performance. Simulation results reveal that NOMA is a promising 
multiple access scheme for the downlink of VLC networks. 

Index Terms —Multiple access, NOMA, power allocation, 
power domain multiple access, visible light communication. 

1. Introduction 

The main drawback of visible light communication (VLC) 
systems is the narrow modulation bandwidth of the light 
sources, which forms a barrier to achieving rival data rates. Re¬ 
cently, the development of high-rate VLC systems has been an 
active research area. To this end, equalization techniques [HI, 
adaptive modulation schemes ||2l, and multiple-input-multiple- 
output (MIMO) technology O, ||4| have been considered 
for achieving higher data-rates in VLC systems. Orthogo¬ 
nal frequency division multiplexing (OFDM) and orthogonal 
frequency division multiple access (OFDMA) schemes have 
also attracted attention in VLC systems due to their high 
spectral efficiency O, JSl. However, conventional OFDM and 
OFDMA techniques cannot be directly applied to VLC sys¬ 
tems, due to the restriction of positive and real signals imposed 
by intensity modulation and the illumination requirements. For 
this reason, DC-biasing and clipping techniques have been 
proposed to adapt OFDM and OFDMA to VLC systems, but 
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such techniques degrade the spectral efficiency and the bit 
error rate (BER) performance O . 

Power domain multiple access, also known as non- 
orthogonal multiple access (NOMA), has been recently pro¬ 
posed as a promising candidate for 5G wireless networks [0. 
In NOMA, users are multiplexed in the power domain using 
superposition coding at the transmitter side and successive 
interference cancellation (SIC) at the receivers. In NOMA, 
each user can exploit the entire bandwidth for the whole time. 
As a result, significant enhancement in the sum rate can be 
achieved. Recent investigations on NOMA for RF systems are 
shown to yield substantial enhancement in throughput ||9l. 

In this paper, we propose NOMA as an efficient and flexible 
multiple access protocol for boosting spectral efficiency in 
VLC downlink (DL) systems thanks to the following reasons: 

• NOMA is efficient in multiplexing a few number of users 
0. This is in line with VLC systems, which depend on 
transmitting LEDs that act as small cells to accommodate 
a small number of users in room environments. 

• SIC requires channel state information (CSI) at both the 
receivers and the transmitters to assist the fuctionalities 
of user demultiplexing, decoding order, and power allo¬ 
cation. This is a major limitation in RE but not in a VLC 
system, where the channel remains constant most of the 
time, changing only with the movement of the users. 

• NOMA performs better in high signal-to-noise ratio 
(SNR) scenarios (91. This is the case in VLC links, which 
inherently offer high SNRs due to the short separation 
between the LED and the photo detector (PD), and the 
dominant line of sight (LOS) path. 

• VLC system performance can be optimized by tuning the 
transmission angles of the LEDs and the field of views 
(LOVs) of the PDs. These two degrees of freedom can 
enhance the channel gain differences among users, which 
is critical for the performance of NOMA. 

The contribution of this paper is two-fold; first, to the best 
of our knowledge, this is the first work suggesting NOMA as 
a potential multiple access scheme for high-rate VLC systems, 
and second, we develop a complete framework for indoor 
NOMA-VLC multi-LED DL networks by adopting a novel 
channel-dependant power allocation strategy called gain ratio 
power allocation (CRPA). CRPA significantly enhances the 
system’s performance compared to the static power allocation 
approach by maximizing the users’ sum rate. Moreover, the 
proposed framework can adjust the transmission angles of the 
LEDs and the LOVs of the PDs, to maximize system through- 
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Fig. 1. Indoor NOMA-VLC DL system with 2 LEDs and 3 users. 

put. Notice that our framework consider users’ mobility to 
establish a realistic scenario. 

II. System Model 

We consider a realistic scenario with multiple LEDs in 
an indoor environment, such as a library or a conference 
room, with the beams formed by adjacent LEDs being slightly 
overlapped, as shown in Eig.[T] In this way, users located at the 
cell boundary may be receiving data streams from two adjacent 
LEDs. In our setup, we assume that user Ui is associated or 
connected to LEDi, since it lies in the coverage of its beam. 
Similarly, U 2 is associated or connected to LED 2 . Einally, 
U 3 , located in the intersection area of the two beams, can 
receive data from both LEDs. Random Walk Mobility Model 
is implemented to mimic the movements of the indoor users. 
In this mobility model, a user may move from its location to 
a new location by randomly choosing a direction between 0 
and 27r and a speed between 0 and 2 m/s ifTOll . 

Using NOMA, LEDi transmits the real and positive signals 
xi and xs with power values Pn and P13, where xi and 
xs convey information intended for Ui and U 3 , respectively. 
Likewise, LED 2 transmits X 2 to U 2 and xs to U 3 with 
power values P 22 and P23, respectivelyQ Eor each LED, the 
transmitted signal is a superposition of the signals intended 
for its users. Let us now denote by Gi the index set of users 
connected to the Ith LED, which defines the LED/ users group. 
Then, the signal transmitted from LED/, I = 1,2, is given by 

jeGi 

while the total transmitted power is Pi = 

The received signal at is formed by the contribution of all 
signals transmitted from the LEDs in the network, written as 

L 

yi = 'P'P hiiPijXj + Ui, (2) 

1=1 jeGi 

where L is the total number of LEDs and rii denotes additive 
white Gaussian noise (AWGN) of zero mean and total variance 

^Therefore, U 3 can potentially achieve diversity gain by receiving (and 
combining particularly) the two copies of the same symbol X 3 transmitted 
from the two different LEDs. 


cFi, which is the sum of contributions from shot noise and 
thermal noise at U^. The LOS path gain from LED/ to is 

A- 

COS (l)ii, 0 < 0/i < (3) 

while hii = 0 for (pu > In dS]), Ai is the Ah user PD area, 
dii the distance between LED/ and U^, cpu is the angle of 
irradiance with respect to the transmitter perpendicular axis, 
(pii is the angle of incidence with respect to the receiver axis, 
is the EOV of U^, Ts{(j)ii) is the gain of the optical filter, and 
g{(t)ii) represents the gain of the optical concentrator given by 

g{M = . 2 ^ ^ 0 < 0/i < (4) 

sm 

while g{(j)ii) = 0 for pu > and n is the refractive index. 
Also, Ro{(pii) is the Lambertian radiant intensity of the LED 

TTl “h 1 

Roivu) = — cos’" tpu, (5) 

Ztt 

where m is the order of Lambertian emission, expressed as 


In cos 

with being the transmitter semi-angle at half power. 

The multi-user interference is eliminated by means of SIC 
and the decoding is performed in the order of increasing 
channel gain. Based on this order, can correctly decode the 
signals of all users with lower decoding order. The interference 
from users of higher decoding order (i.e., from with k>i) 
is not eliminated and is treated as noise. The instantaneous 
signal-to-interference-plus-noise ratio (SINR) for reads 

= V__ ( 7 ) 

^ Efe>i hiPlk + erf ’ 

where U/^ is higher than in the decoding order. Evidently, 
the strategy adopted for the allocation of the transmitted power 
among users is critical for the performance of the VLC system. 

III. Power Allocation for NOMA-VLC Networks 

In this section, we present the NOMA-VLC framework with 
the gain ratio power allocation (GRPA) scheme. The goal 
is to implement NOMA in a realistic multi-LED scenario 
for achieving the highest possible throughput. We consider 
the existence of a central control unit (CCU) that collects 
the necessary information about users’ locations and their 
associated channel gains. Thanks to its deterministic nature, 
the VLC channel remains constant for a fixed receiver location, 
which simplifies channel estimation H When a user changes its 
location, the CCU updates its information accordingly. 

A. Users Association and Handover 

Users association is based on the spatial dimension im, 
it exploits user position in order to determine which LED 
can provide access. If the user is located in the overlapping 
area of two adjacent LEDs, it will be associated with both of 
them. In this way, diversity gain can be achieved to enhance 

^We can assume that an RF uplink channel is utilized for obtaining CSI. 
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the performance of the cell edge users. To gain more insight, 
we investigate the effect of adjusting the LEDs transmission 
angles at half power in order to eliminate inter-beam 

interference. Transmitting angle tuning can be related to cell 
zooming approach in ifT^ . where the cell size can be adjusted 
by modifying the transmitted power of the LED. In this case 
the DC component of the transmitted power needs to be calcu¬ 
lated and changed each time the cell size needs to be altered. 
On the other hand, our transmitting angle tuning approach 
would give similar performance without the need to alter the 
transmitted optical power, and thus a uniform illumination can 
be ensured. Eor practical feasibility, we assume that each LED 
has two different transmission angle tunings. Once a user steps 
out of the coverage of its associated LED, it will be handed 
over to the nearest LED in order to continue its reception. 


B. Decoding Order 

The SIC decoding order among the users of the LED 
is decided based on the channel gain of each user, hu. 
By substituting 0 and © into © and substituting cos^pu 
with z/dii, where ^ is the height between the PDs and the 
LEDs (which is assumed to be fixed, i.e., at table level), and 
assuming vertical alignment of LEDs and PDs, the channel 
gain hu can be expressed as 


hu (X 


sin^ 




( 8 ) 


Prom ©, it can be seen that the channel gain depends on two 
parameters; the distance and the POV of the PD. 

1) Fixed FOVs: If the POVs of the PDs are fixed (i.e., 
not tunable), then the SIC ordering can be easily made in the 
decreasing order of the distance. Users in the index set of 
LED/ are sorted in the order of decreasing distance du- Then, 
users existing at the cell boundary (if any), are moved to the 
end of the decoding order. In this way, cell boundary users can 
decode their signals after subtracting the signals components 
intended for other users in both cells. Thus, if the decreasing 
order of the users’ distances from the LED is 


did > dic2 > •••• > di cn 5 


for users in the cell centre, and 

dlel ^ did ^ •••• ^ 

for cell edge users, then the decoding order is set to 

^Zcl < ^Zc2 < •••• < '^Icn < '^Id < ^le2 < •••• < ^Zen, 

where I3i denotes the SIC decoding order for user U^. 

2) Tunable FOVs: As a further step, we examine the effect 
of changing the POVs of the users. As shown in ©, the 
gain of the optical concentrator of the PD can be increased 
by reducing the POV. Thus, POV tuning can be utilized 
to enhance channel gain differences among users, which is 
beneficial for the success of the NOMA technique. However, 
if the POV is smaller than it should be, the PD will no longer 
be able to observe the required LED beam. The location of 
the user with respect to the transmitting LED determines the 
optimal POV adjustment. We assume that each PD has three 


tunable POV settings. The POVs of cell edge users are tuned to 
receive the beam of one LED only (if possible) to reduce beam 
overlapping and enhance spectral efficiency. This is done by 
tuning the POV to the lowest setting that allows reception from 
the nearest LED. Moreover, the POVs of users in the center 
of the cell are set to the lowest setting to enhance channel 
gain. Moreover, POV tuning can be exploited to minimize the 
number of handovers in the system. Particularly, as the users 
are moving to the proximity of the transmitting LED, they can 
use a wider POV setting to stay connected to the same LED 
and avoid unnecessary handovers. After adjusting the POVs of 
the users, SIC decoding order is done based on the distance. 

C. Gain Ratio Power Allocation (GRPA) 

Based on the previous step, each LED transmits the signals 
of its users using NOMA. To do so, different power values are 
allocated to the users based on their channel gains. The sum 
of the assigned power values is equal to the LED transmitting 
power. We propose a novel gain ratio power allocation strategy, 
and compare it to the static power allocation, where the 
transmission power of the ith sorted user is set to 

Pi=aPi-i, (9) 

where a is the power allocation factor (0 < a < 1). According 
to GRPA, power allocation depends on the user gain compared 
to the gain of the first sorted user, as well as the decoding order 
i. After setting i, the power allocated to the ith sorted user is 

Thus, the assigned power decreases with the increase of hu, 
since lower power levels will be sufficient for users with good 
channel conditions to decode their signals, after subtracting 
the signals of users with lower decoding order. Moreover, the 
ratio ^ is raised to the power of the decoding order, i, to 
ensure fairness; as users with low decoding order will need 
much higher power due to the large interference they receive. 

IV. Simulation Results and Discussion 

In this section, we evaluate the performance of the proposed 
NOMA-VLC framework. We consider a 6 x 6 x 3 m^ room 
with two transmitting LEDs. In the cases with no tuning, we 
set the LED transmission angles and the POVs to fixed values, 
i.e., ifi = 45 and = 50. The tunable transmission angles 
and POVs are (45,60) and (15,30, 50), respectively. We used 
the same LEDs and PDs characteristics as in ca. 

Pirst, we compare the BER performance for the GRPA and 
the static power allocation. It was found by simulations that 
static power allocation gives its best BER performance at (a = 
0.3 and a = 0.4). At these values, the power allocated to users 
experiencing bad channel conditions is high enough to enable 
correct signal decoding. Pigure |2(a)| shows the BER for all 
users for the two power allocation schemes. The proposed 
GRPA strategy performs better than static power allocation 
as it compensates for channel differences among users. Eor 
example, at BER = 10“^, GRPA was able to serve 6 users, 
while static power allocation can only accommodate 4 users 
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Fig. 2. Performance of indoor (6x6x3 room) NOMA-VLC 2-LED DL network with respect to the number of users. 



Fig. 3. Number of handovers in 100 sec with respect to number of users. 

to maintain the same BER performance. It should be pointed 
here that GRPA is more sensitive to channel knowledge as can 
be inferred from (fTOl) . We assumed that the RF uplink channel 
is noiseless in our simulations. 

Next, the effect of transmission angles and FOVs tuning 
on system performance is studied. We primarily compare 
the following scenarios: 1) no tuning, 2) transmission angles 
tuning, and 3) FOVs tuning. Figures |2(b)| and |2(c)| show the 
users’ sum rate for the three scenarios under static power 
allocation (a = 0.4) and the proposed GRPA, respectively. 
As it can be seen, for a small number of users, transmission 
angles and FOVs tuning increases the sum data rate. This is 
because the interference between the two beams is completely 
eliminated. However, as the number of users increases, less 
power is allocated to each user, which makes it better for cell 
edge users to receive their signals from both LEDs. Thus, 
transmission angles tuning will degrade system throughput, as 
it limits cell edge users to receive from one LED only. On 
the other hand, FOVs tuning will have the best performance 
as it allows each user to optimize reception according to its 
position. As expected, the performance improvement induced 
by FOVs tuning is significantly increased when GRPA is 
adopted, as the latter accounts for channel gain variations. 

Furthermore, FOV tuning can be exploited to decrease the 
number of handovers performed in the system. Figure [3] shows 


the number of handovers for two scenarios: 1) fixed FOV, and 
2) FOV of the moving users is adjusted to the highest setting 
while they move in the proximity of their associated LEDs. It 
can be seen that the number of handovers can be significantly 
decreased with the tunable FOVs strategy. 
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